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What was done

• Geant 3.0 simulations with details of horn 
geometry including materials.

• 180 m tunnel with 4 meter diameter

• Default parameters not quite the same as 
rest of report.

• pbeam study of parameters.



List of parameters for GEANT simulation

• target:   radius: 3.2 mm, length: 60 cm, den:
2.2 gm/cc

• beam: 28 GeV, radius: 1 mm

• horn:   gap: 1 mm, H1length: 2.2m, H2length: 
1.5 m

• tunnel:  radius: 2 m, length: 180 m,  Air-filled

• 2 horn distance: 8.3 m 



Flux: things to optimize

• Total flux or event 
rate

• Width of flux: as 
wide as possible

• electron neutrino 
contamination: as 
low as possible.

BNL Wide Band. Proton Energy = 28 GeV
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Anti-neutrinos

• Lower event 
rate => 2 MW

• Much larger 
neutrino 
contamination.

• 30% of events 
due to wrong 
sign.

BNL Wide Band. Proton Energy = 28 GeV
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Canonical event rates

• 1.12e22 protons, 500 kT, 2540 km

• Neutrinos:  CC: 52000,  NC: 17000

• Anti-neutrinos: CC: 14000, NC: 5400

• Assumes extrapolation as 1/2540**2



Concerns

• Uncertainty on total flux or event rate 
probably still 20-30%.

• Large (50%) uncertainty above 4 GeV.

• Is off-axis running at all possible ?

• Can all be addressed by more beam power.



Hadronic models

• Good news: less backg 
at low energy.

• Bad news: less signal at 
high energy.
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FIG. 4: (color) Spectrum of expected single muon events in a
0.5 MT water Cherenkov detector at 2540 km from the source.
We have assumed 1 MW of beam power and 5 × 107 sec of
data-taking. The top histogram is without oscillations; the
middle histogram with error bars is with oscillations. Both
histograms include the dominant single pion charged current
background. The bottom histogram shows this background
contribution to the oscillating spectrum. This plot is for
∆m2

32 = 0.0025 eV2. The error bars correspond to the sta-
tistical error expected in the bin. At low energies the Fermi
movement, which is included in the simulation, will dominate
the resolution.

struction depends in first approximation on the photo-
multiplier tube coverage. With coverage greater than
10%, a reconstruction energy resolution of better than
∼ 10% should be achieved [6]. The simulated spec-
trum of the expected νµ disappearance signal includ-
ing backgrounds and resolution is shown in Figure 4
for ∆m2

32 = 0.0025 eV2 as a function of reconstructed
neutrino energy. The background, which will be pri-
marily charged current events, will also oscillate and
broaden the dips in the nodal pattern. From this spec-
trum we estimate that the determination of ∆m2

32 will
have a statistical uncertainty of approximately ±0.7% at

∆m2
32 = 0.0025 eV2 and sin2 2θ23 = 1. The experiment

can determine sin2 2θ23 > 0.99 at 90% confidence level.
Within the parameter region of interest there will be little
correlation in the determination of ∆m2

32 and sin2 2θ23.
The precision of the experiment is compared in Figure 5
with the precision expected from MINOS [21] and the re-
sult from Super-Kamiokande [2]. Since the statistics and
the size of the expected signal (distortion of the spec-
trum) are both large in the disappearance measurement,
we expect that the final error on the parameters will be
dominated by the systematic error. A great advantage
of the very long baseline and multiple oscillation pat-
tern in the spectrum is that the effect of systematic er-
rors on flux normalization, background subtraction, and
spectrum distortion due to nuclear effects or detector cal-
ibration is small. The error on the overall detector energy
scale is expected to be the dominant systematic error [14].
The large event rate in this experiment will allow us to
measure ∆m2

32 precisely in a short period of time; this
measurement will be important to predict the shape of
the appearance signal which we now discuss.

νµ → νe Appearance

The importance of matter effects on long-baseline neu-
trino oscillation experiments has been recognized for
many years [12, 22]. For our study, we have included
the effect of matter with a full numerical calculation tak-
ing into account a realistic matter profile in the earth,
following [23]. For our present discussion, it is useful to
exhibit an approximate analytic formula for the oscilla-
tion of νµ → νe for 3-generation mixing obtained with
the simplifying assumption of constant matter density
[24, 25]. Assuming a constant matter density, the oscil-
lation of νµ → νe in the Earth for 3-generation mixing is
described approximately by Equation 1. In this equation
α = ∆m2

21/∆m2
31, ∆ = ∆m2

31L/4E, Â = 2V E/∆m2
31,

V =
√

2GF ne. ne is the density of electrons in the Earth.
Recall that ∆m2

31 = ∆m2
32 + ∆m2

21. Also notice that
Â∆ = LGF ne/

√
2 is sensitive only to the sign of ∆m2

31.
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FIG. 6: (color) The expected electron neutrino spectrum for
3 values of the CP parameter δCP including background con-
tamination. The points with error bars are for δCP = 1350;
the error bars indicate the expected statistical error on each
bin. The histogram directly below the error bars is for δCP =
450 and the third histogram is for δCP = −450. The hatched
histogram shows the total background. The νe beam back-
ground is also shown. The plot is for ∆m2

32 = 0.0025 eV2. We
have assumed sin2 2θ13 = 0.04 and ∆m2

21 = 7.3 × 10−5 eV2.
The values of sin2 2θ12 and sin2 2θ23 are set to 0.86, 1.0, re-
spectively. Running conditions as in Figure 4.

Sensitivity to the CP Violation Parameter

To get a qualitative understanding for the measure-
ment of CP violating parameters we compare the size
of terms involving δCP with the first term in Equation
1. This ratio is seen to be approximately proportional
to α sin δCP (∆m2

21L/4Eν). As shown in Figure 2, the
fractional contribution from the CP violating terms in-
creases for lower energies at a given distance. The energy
dependence of the CP effect and the matter effect tend
to be opposite and therefore can be distinguished from
each other from the energy distribution using neutrino
data alone. On the other hand, the statistics for a given
size detector at a given energy are poorer by one over
the square of the distance, but the term linear in sin δCP

grows linearly in distance [13]. The statistical sensitiv-
ity (approximately proportional to the square root of the
event rate) to the effects of CP violation, therefore, is
independent of distance because the loss of event rate
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FIG. 7: (color) The expected spectrum of electron neutrino
events for sin2 2θ13 = 0. Important parameters in this figure
are ∆m2

21 = 7.3 × 10−5 eV2 (LMA-I) or ∆m2
21 = 1.8 × 10−4

(LMA-II) and sin2 2θ12 = 0.86. All other parameters and the
running condition as in Figure 4.

and the increase of the CP effect approximately cancel
each other in the statistical merit if backgrounds remain
the same. Therefore, the two important advantages of
the BVLB approach are that the CP effect can be de-
tected without running in the anti-neutrino mode and
the sensitivity to systematic errors on the background
and the normalization is considerably reduced because
the fractional size of the CP effect is large. For exam-
ple, in Figure 2, the CP effect at δCP = π/4 in the first
oscillation peak is ∼ 20% while the effect in the second
oscillation peak is more than 50%. Therefore, it is unnec-
essary to know the background and the normalization to
better than 10% to obtain a significant measurement of
δCP at the second oscillation maximum. There could be
a contribution to the systematic error from the theoreti-
cal calculation of the probability shown in Figure 2. Be-
cause of the very long baseline, this probability depends
on the Earth’s density profile which is known to about
5%. Random density fluctations on that order will lead
to a relative systematic uncertainty in the νe appearance
probability of about 1% [29], which is not significant for
the BVLB method, but could be significant in the case
of an experiment that performs the CP measurement at

Needs study



Data on beam ?

• E734 target Cu, different Horn design

• E734 data suggests enough flux at GeV

GEANT MC



BNL  Proton Energy = 28 GeV
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Tunnel dimensions

• Lose low E by making narrow

• Gain high E by making longer 
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Horn placement and 
current

• Lose Low E if current goes beyond 500 kA

• Gain high E by placing horn 2 farther. Third horn ? But no 
He? 
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Target and beam dimension

• 6 mm/2mm good 
compromise

• Must take care to 
control beam size.
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Target placement and 
gap

• Lose low E if target pushed in

• Lose low E if gap too large
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What needs to be 
done

• Much better understanding of hadronic 
production. 

• Much more detail of shielding and tunnel 
shape in the simulation. 

• New simulation with optimized choices for 
parameters.

• 5 physicists needed for 2 years to perform 
studies and  interface with AGS


